We investigate how much the constraints on the neutrino properties can be improved by combining the CMB, the photometric and spectroscopic galaxy redshift surveys which include the CMB lensing, galaxy lensing tomography, galaxy clustering and redshift space distortion observables. We pay a particular attention to the constraint on the neutrino mass in view of the forthcoming redshift surveys such as the Euclid satellite and the LSST survey along with the Planck CMB lensing measurements. Combining the transverse mode information from the angular power spectrum and the longitudinal mode information from the spectroscopic survey with the redshift space distortion measurements can determine the total neutrino mass with the projected error of O(0.02)eV. Our analysis fixes the mass splittings among the neutrino species to be consistent with the neutrino oscillation data, and we accordingly study the sensitivity of our parameter estimations on the minimal neutrino mass. The cosmological measurement of the total neutrino mass can distinguish between the normal and inverted mass hierarchy scenarios if the minimal neutrino mass 0.005 eV with the predicted 1-σ uncertainties taken into account.
Introduction
There has been an ever-growing evidence supporting the non-vanishing neutrino masses from the measurements of the neutrino oscillations [1, 2] including the solar (ν e ), atmospheric (ν µ ,ν µ ), reactor (ν e ) and accelerator (ν µ ) neutrino experiments [3] . There also have been the precise measurements of the cosmological observables such as the cosmic microwave background (CMB) which favor the non-vanishing neutrino masses [4, 5] .
We in this paper forecast the strong constraints on the neutrino masses from the observations of the large-scale structure (LSS) and CMB. The different astrophysical probes on the neutrino masses are of great interest for their complimentarity and for their reducing the degeneracies among the relevant parameters. The current cosmological data have put the upper bounds of order m ν 0.2-0.5 eV and there also have been numerous theoretical studies for the future forecasts on the neutrino mass constraints claiming even an order of magnitude improvements from the cosmological measurements such as the CMB, galaxy weak lensing, galaxy clustering, galaxy cluster count, baryon acoustic oscillations, Type Ia supernovae and Lyman-α forest . For the CMB and LSS observables, for instance, the unprecedented precision on the neutrino mass constraints can be expected from the on-going and forthcoming experiments such as the Planck [36] , SPTPol [37] , ACTPol [38] providing the CMB lensing measurements, and a number of wide-field surveys for both ground-based imaging surveys and space-based missions such as the Subaru Hyper Suprime-Cam Survey (HSC 1 )
[39], the Dark Energy Survey (DES 2 ) [40] , the Large Synoptic Sky Survey (LSST 3 ) [41] , and the European Space Agency (ESA) Euclid satellite mission 4 [42] . To realize the tighter constraints on the neutrinos, however, we need to break the degeneracies among the cosmological parameters, e.g. the degeneracies among the neutrino mass and the dark energy parameters. One of the sound tactics to lift the degeneracies is to combine multiple observables and to take the cross-correlations among those observables which have the different dependence on the cosmological parameters of our interest. Our study therefore emphasizes the merit of combining the angular power spectrum, in particular the CMB lensing and photometric galaxy lensing tomography, and the three-dimensional galaxy power spectrum from the spectroscopic redshift survey which possesses not only the transverse mode information but also the information along the line of sight. We, for this purpose, perform a Fisher matrix analysis by combining the angular power spectrum and the three-dimensional galaxy power spectrum, and we investigate how accurately the property of the neutrino can be constrained from the on-going and upcoming surveys. We, for concreteness, adopt the Planck, LSST and Euclid surveys as the reference surveys in the following, deferring to the discussion section the quantitative comparison with the analogous analysis using the on-going experiments HSC and DES instead of the future experiment LSST.
We also seek the distinction between two neutrino mass structures, normal m ν 1 < m ν 2 ≪ m ν 3 and inverted m ν 3 ≪ m ν 1 < m ν 2 mass hierarchy scenarios which are the fiducial models in our forecasts. For the fiducial values of the neutrino mass splittings, we take the best fit values for the atmospheric neutrino |∆m . The minimal neutrino mass m ν,min , which corresponds to m ν 1 (m ν 3 ) for the normal (inverted) mass spectrum, is undetermined from the oscillation data, and we also study the sensitivity of the neutrino parameter estimation on the value of m ν,min . This paper is organized as follows. We first briefly review the effects of the massive neutrinos on the cosmological observables in Section 2. In Section 3, we summarize the cosmological observables used in the analysis and how those observables are theoretically treated in terms of the angular power spectrum and the three-dimensional galaxy power spectrum. Section 4 describes our Fisher matrix analysis and Section 5 presents the main results on the improvement in the neutrino property constraints by combining the CMB, the photometric redshift survey and the spectroscopic redshift survey. Section 6 is devoted to the discussion and conclusion.
We start with a brief review on the effects of the neutrinos on the CMB and structure formation. Because a neutrino becomes non-relativistic around 1 + z ∼ 300 (m ν /0.05 eV) when the temperature becomes comparable to its mass, we assume, unless stated otherwise, the sub eV mass neutrinos of our interest become non-relativistic during the matter domination era.
The massive neutrinos lighter than a half eV are relativistic at the recombination epoch and their effects of reducing the matter-radiation ratio on the CMB are manifest in the early integrated Sachs-Wolfe (ISW) effect. The massive neutrinos deep in the matter domination epoch and in the dark energy domination epoch can also cause the decay of the gravitational potential enhancing the late ISW effect [6, 8, [44] [45] [46] . Those effects imprinted in the primary CMB anisotropy can however be also induced by varying other cosmological quantities such as the Hubble parameter and the equation of state parameter w [47] [48] [49] . The CMB lensing turns out to be quite powerful in breaking the parameter degeneracies which would otherwise be persistent in the CMB power spectrum because the lensing is sensitive not only to the geometry but also to the growth of the structure along the line of sight, and the recent impressive progress on the CMB lensing measurements would be of great interest for the exploration of the neutrino properties. The CMB lensing reconstruction from the temperature anisotropies alone has the limitation due to its statistical noise and it benefits significantly from the polarization measurements probing the smaller scales with high precision [50] .
The matter power spectrum can be affected by the neutrinos because the structure formation is suppressed due to the free-streaming of the neutrinos for the scales below the neutrino Jeans length scale [51] . The neutrino comoving free-streaming scale decreases as λ FS ∝ a −1/2 during the matter domination so that the turn-over scale of the matter power spectrum due to the neutrino suppression has the upper bound corresponding to the neutrino free-streaming scale when it becomes non-relativistic. Each different mass neutrino has a different free-streaming scale and hence the matter power spectrum in principle can probe each neutrino mass rather than just a sum of neutrino masses. For instance, even if the value for a total neutrino mass is identical, the error on the total neutrino mass from a galaxy redshift survey can differ depending on the neutrino mass splitting patterns [11, 24, 52] . The neutrino free-streaming scale during the matter domination is
This suppression turn-over scale is proportional to the neutrino mass, hence the finding this suppression scale can probe each neutrino mass scale while the overall amplitude suppression gives us the information on the sum of the neutrino masses. Too light a neutrino becomes hard to be probed by the galaxy survey because k FS may become too small for the survey volume to cover, even though other measurements such as the CMB observables can compliment such deficiencies. The free-streaming scale is also dependent on the redshift, and the spectroscopic galaxy redshift survey with the accurate redshift information would be of great help to probe the neutrino features imprinted in the matter fluctuations. For k < k FS , the non-relativistic neutrinos falls into the gravitational potential along with the cold dark matter (CDM) and baryons, and the conventional picture for the matter fluctuation growth proportional to the standard linear growth factor D(z) applies. For k > k FS with the neutrino freestreaming effects operative, the non-relativistic neutrinos cannot cluster because of too large a velocity dispersion. The growth of the matter fluctuations hence is slower compared with that for k < k FS , and the suppressed power is proportional to [44, 51, 53, 54] . Hence, for a scale below the current free-streaming scale, the matter power spectrum is suppressed roughly by a fraction ∆P m (k)/P m (k) ∼ −8f ν with an even bigger suppression in the non-linear regime [55, 56] ). Due to the dependence of the matter power on f ν ∝ m ν /Ω m h 2 , the neutrino mass is also degenerate with Ω m h 2 [56] even though the precise measurement of Ω m from other experiments such as the Planck makes m ν -Ω m h 2 degeneracy less significant. We also benefit from combing the linear scale galaxy redshift survey and the galaxy lensing survey because the lensing is disadvantageous for being sensitive to the mass clustering at the non-linear scales. A potential problem in probing the galaxy clustering is the issue of the bias which hinders the direct probe on the matter clustering and hence leads to the uncertainties in the neutrino mass constraints. Combing the spectroscopic redshift survey data and the galaxy weak lensing tomography data can help reduce the bias uncertainty and hence can improve the neutrino mass constraints as we shall discuss in the following.
Cosmological observables
We here summarize the cosmological observables used in our analysis. In this work, we investigate the constraints from the data combining three kinds of cosmological surveys: the CMB experiment, the photometric redshift survey and the spectroscopic redshift survey. The observables from the CMB experiment and the photometric redshift survey are the projected two-dimensional data, providing the angular power spectra C ℓ . The spectroscopic redshift survey can give us the three-dimensional power spectrum P (k) providing the information for not only the transverse direction but also for the line-ofsight direction.
Angular power spectrum
The angular power spectrum for auto-and cross-correlations of the observables X and Y can be given by
where P m (k) is the matter power spectrum at present and ∆ X ℓ is the kernel of the observable X. We consider the CMB temperature anisotropies (T ), E-mode polarization (E), CMB lensing potential (ψ), the galaxy distributions (g i ) and the galaxy weak lensing shear (γ i ), i.e. X ∈ {T, E, ψ, g i , γ i }, as the observables for the angular power spectra. The observables T and E are the unlensed ones, and the information of the CMB lensing is included just in the CMB lensing potential ψ. The subscript on the galaxy distributions and the weak lensing shear represents the i-th redshift bin in the tomographic surveys.
The temperature and E-mode polarization angular power spectra are obtained from a publicly available code CAMB [57] . The cross-correlation for T g i and that for T γ i arise from the late ISW effect [58] and the kernel of the late ISW is given by
where z * represents the redshift of the last scattering surface, r(z) is the comoving distance to the redshift z, Ω m,0 and H 0 are respectively the matter density parameter and the Hubble parameter at the present time. The function D(z, k) ≡ P m (k, z)/P m (k, 0) represents the growth factor, P m (k, z) represents the matter power spectrum at redshift z and j ℓ (kr(z)) is the spherical Bessel function. The CMB photons coming from the last scattering surface are deflected by the potential gradients of the LSS along the line-of-sight [59] , hence the CMB lensing potential also has the correlation with the LSS. For the CMB lensing potential, the kernel is give by
where r * represents the comoving distance to the last scattering surface.
We can obtain two kinds of observables from the photometric redshift survey; one is the distribution of galaxies and the other is the galaxy weak lensing. For the galaxy distributions, we consider the tomographic survey with some redshift bins, and the kernel of the galaxy distributions is given by
where b(z) is the biasing parameter of galaxy and n(z) and n A i represent the redshift distribution of sample galaxies and its normalization factor respectively. We adopt a time-varying linear biasing parameter by the first-order expansion b(z) = b 0 + b 1 z. We treat these two model parameters b 0 and b 1 as free parameters in our analysis and the fiducial values are set to (b 0 ,b 1 )=(1.0,0.8) [60] .
We also assume the tomographic survey for the galaxy weak lensing. The galaxy weak lensing survey measure the shear of source galaxies due to the distributions of foreground galaxies. For the galaxy weak lensing shear, the kernel is given by
with
The weak lensing tomography provides us with a projected density estimator for each redshift bin of the source galaxies, and hence possesses the significant cross-correlations with the galaxy distribution observables.
The redshift distribution of source galaxies
We here assume the redshift distribution of sample galaxies is give by the following analytic form [61, 62] ;
where N(z) should be normalized as N(z)dz = 1, and we can then rewrite the redshift distribution function of sample galaxies as,
We adopt α = 2.0, β = 1.5, and z 0 is determined from the relation with mean redshift z m defined as
The normalization of the redshift distribution function is fixed by the total number density of sample galaxies and defined as,
We next consider the tomographic surveys, which divide the sample galaxies into some redshift bins, and analytically include the effect of photometric redshift errors following the model of [63] as
where σ z (z) denotes the redshift scatter systematics and we assume the following redshift dependence:
In this paper we assume only the redshift scatter systematics with σ (i) z = 0.03 for each redshift bin. We can then write the redshift distribution of sample galaxies in the i-th redshift bin with the effect of photometric redshift errors as
and the redshift distribution of galaxy samples n(z) defined in Eq. (3.8) . In the same manner with Eq. (3.10), the total number density of sample galaxies in the i-th redshift bin can be given as,
(3.14)
In the following analysis, we assume a fixed number of photometric redshift bins (N ph = 5), and we determine the ranges of redshift for each redshift bin keeping the same number of sample galaxies for each bin. To see the dependence of the binning scheme on our parameter estimation, we compare the parameter constraints with different numbers of redshift bins in the discussion section Sec. 6.
Three-dimensional galaxy power spectrum
In analyzing the three-dimensional redshift space galaxy power spectrum, we restrict our discussions to the linear scale unless stated otherwise. The galaxy over-density δ g is distorted along the line of sight due to the coherent infall bulk motion of galaxies, and it has, in the plane parallel approximation (the galaxies are far away from the observers so that the displacement due to the peculiar velocities are parallel to each other), a simple form in the Fourier space [64] ,
where b(z) is the scale-independent linear bias parameter and β is the redshift space distortion parameter defined as
The magnitude of the wave number is k = k ⊥ + k , where k ⊥ and k are the wave numbers across and along the line of sight, and µ represents the cosine of the angle θ between the line of sight and the wave vector,
). In addition, the wrong assumption of the reference cosmological model also produces the distortion in the measured power spectrum, known as the geometrical distortion [65] [66] [67] . What we need in the measurements of three-dimensional galaxy power spectrum is the positions in the 3-dimensional space, though we measure the angular positions of galaxies on the sky and the radial positions of galaxies in the redshift space. We therefore need assume a reference cosmological model for the mapping of the observed angular and redshift positions to the one in the 3-dimensional space. We take the reference cosmology to be the fiducial cosmology for simplicity in the following.
The comoving size of an object in the radial r and transverse r ⊥ directions, which extends ∆θ in the angle and ∆z in the redshift, is estimated as
where we need to assume some cosmological model for the estimation of H(z) and the angular diameter distance D A (z). Then the relations between the fiducial wave numbers and the true wave numbers are estimated from the inverse of r and
where we distinguish the quantities in the fiducial cosmological model by the subscript "fid". Then the galaxy power spectrum estimated in redshift space is modeled as [68] 19) where the factor D (fid)
represents the geometrical distortion [65] . We can see from Eq. (3.19) that using the galaxy power spectrum for the cosmological parameter estimation would suffer from the degeneracies among the biasing parameter b(z), the redshift distortion parameter β(z, k) and the growth factor of the matter density fluctuations D(z, k). As we shall discuss in the following sections, these degeneracies can be lifted by taking the cross correlations with other measurements.
We use the publicly available Boltzmann code CAMB [57] to get the transfer functions of the CMB observables and matter power spectrum with massive neutrinos and calculate the corresponding all auto-and cross-correlations.
Fisher matrix formalism
For forecasting the cosmological parameter estimations, we calculate the Fisher matrix (FM) which represents the curvature of the likelihood function around its maximum in a given parameter space defined as
where L is the likelihood function for the data set of our interest given the theoretical model parameters p = {p 1 , p 2 , ... } and the sub-scripts α and β run over the model parameters. The FM formalism tells us how accurately the given observation can measure the cosmological parameters around the fiducial model, and the marginalized one-sigma error bound for a parameter p α is given by σ(p α ) = (F −1 ) αα from the Cramer-Rao inequality. As for our our fiducial cosmological model, we assume the flat ΛCDM plus massive neutrino model in our analysis and we include the following 13 cosmological parameters;
Ω b , Ω c and Ω Λ are respectively the density parameters of the baryon, CDM and the cosmological constant Λ. h ≡ H 0 /100 represents the Hubble parameter. f ν is the fraction of the massive neutrinos in the matter component, defined as f ν ≡ Ω ν /Ω m and Ω ν is the density parameter of the massive neutrino. τ is the optical-depth at the epoch of reionization. Y p is the fractional primordial abundance of helium. A S , n S and α S are the amplitude, the spectra-index and the running parameter of the primordial power spectrum and we choose the pivot-scale at k eV can be interpreted as the illustration for the massless minimal neutrino mass). Throughout this paper, we assume a spatially flat Universe and the Hubble parameter is adjusted to keep our Universe flat when we vary the other cosmological parameters.
We first outline the Fisher matrix for the transverse modes, representing the correlations on the projected celestial surface, in terms of the angular power spectrum C ℓ fully including the auto-and cross-correlations between different observables: the CMB temperature anisotropies, E-mode polarization, CMB lensing potential (T , E, ψ), the galaxy distributions (g i ) and the galaxy weak lensing shear (γ i ). We then briefly review the Fisher matrix for the three-dimensional galaxy power spectrum P g (k).
The Fisher matrix for the angular power spectrum
The Fisher matrix for the angular power spectrum is given by [70, 72] .
where f sky is the sky coverage of given survey and C ℓ represents the covariance matrix for the angular power spectra. For the angular power spectrum, we consider the CMB and the photometric redshift survey observables (T, E, ψ, {g}, {γ}). We take into account the tomographic survey, and {g} = {g 1 , .., g N To take account of the different sky coverage for the CMB and the photometric redshift surveys, we define the total Fisher matrix for the angular power spectrum as [73] ;
where
and
Here the different super-scripts "CMB" and "LSS" represent the variables for the CMB and the photometric redshift surveys, respectively. The label "cross" represents the overlap region between the CMB and the photometric redshift surveys and we assume that the photometric redshift survey fully overlaps with the CMB survey. The covariance matrix C ℓ and C ℓ include both signal C XY ℓ and noise We assume that the cross-correlation between CMB E-mode polarization and the other observables except T should be small because most of E-model polarization is generated through the Thomson-scattering at the last scattering surface and not produced in the late time Universe 5 . For the CMB noise spectra, we simply consider the dominant detector noise represented by the photon shot noise for a single channel [76, 77] Table 2 . The specifications for the photometric redshift surveys. f sky denotes the fractional sky coverage,n g is the surface number density of sample galaxies, z m is the mean redshift of the survey andσ γ denotes the error of shear measurements.
and these values are summarized in Table 1 . The corresponding noise power spectrum for a multi-channel experiment is obtained by adding the contribution from all the channels
The noise of the CMB lensing potential N ψ ℓ is estimated as the statistical error of the lensing reconstruction based on the optimal quadratic estimator [71] .
The observed shear power spectrum is contaminated by the shear variance per galaxyσ 2 γ due to the uncertainties in the intrinsic shape of the source galaxies
Analogously, the noise for the galaxy angular power spectrum is 12) wheren g,i is the number density of sample galaxies per steradian in the i-th tomographic redshift bin and we assume the noise is uncorrelated among different tomographic bins. Throughout this paper, we divide the photometric redshift bins in such a way that the number density of sample galaxies of each redshift bin should be same, n g,i =n g /N ph . Table 2 shows the specifications for the photometric redshift surveys used in our analysis. Table 3 . The survey parameters for the Euclid spectroscopic galaxy redshift survey in our analysis. i denotes the values in the i-th redshift slice, z c is the central redshift in each redshift bin, V s andn 3D g are the comoving survey volume and number density of sampled galaxies, and k nl = π/(2R) is the wave-number corresponding to the the non-linear scales with the criteria of σ R (z) = 0.5. We here adopt the fractional sky coverage f sky = 0.2.
The Fisher matrix for the three-dimensional galaxy power spectrum
Each redshift slice of the spectroscopic redshift survey provides an independent information and the correlations between different redshift slices should be negligible. The Fisher matrix for the galaxy power spectrum P g (k) from the spectroscopic redshift survey then reads [72, [78] [79] [80] [81] ;
where N ph is the number of the redshift slices, z c is the central redshift of the redshift bin,n 3D g and V s are respectively the mean comoving galaxy number density and the comoving volume of the galaxy survey, and the sub-script i denotes the value in the i-th redshift slice. We summarize these values in each redshift slice in Table 3 , and these estimations are carried out as follows.
The mean comoving number density of the sample galaxies is determined as 14) where the functions n h is the halo mass function for a given mass M and a redshift z. We use the mass function n h (M, z) given by Warren et. al. [82] . N M is the halooccupation distribution describing how many galaxies the halo with th mass M hosts, and we here simply assume N M = 1. The parameter M min is the minimum halo mass Table 4 . The reference survey model in our analysis.
hosting the observed galaxies, which corresponds to the observational limits of each survey. We here simply set M min = 10
where ∆z i denotes the width of i-th redshift slice. For the range of the k-integration, we set the maximum wave-number k max to avoid using the nonlinear k modes. We used the criteria for the linear scale k < k max by demanding the amplitude of the smoothed density field σ R (z) < 0.5, so that k max = π/(2R) for σ R (z) = 0.5. The variance of the smoothed density field here is given by
The function W (kR) is the top-hat window function, R is the smoothing scale, and D 0 is the growth factor at the present time. For the minimum wave-number, we simply choose k min = 10 −4 h/Mpc for all the redshift slices.
In combining the Fisher matrix of P g (k) including both transverse and longitudinal mode information and that of C l including only the transverse mode information, to avoid the complications in the full covariance matrix, we make a simplified assumption that their transverse modes are fully correlated and take account of the common transverse modes only once [83] [84] [85] . Accordingly, in our combining the spectroscopic galaxy redshift survey with the photometric galaxy survey for an overlapping sky area, we remove the section around µ = 0 in integrating the Fisher matrix over µ not to over-count the transverse modes in estimating the parameter uncertainties 6 . This hence would give us a conservative estimation for the total information by combining these measurements and the actual cosmological parameter uncertainties would be smaller due to the smaller cross correlations among the common transverse modes in P g (k) and C ℓ .
We put the constraints on the cosmological parameters by combining the upcoming data from three kinds of the survey projects. The first is the CMB experiment by the Planck satellite which provides the temperature anisotropies (T ), the E-mode polarization (E) and the weak lensing of the CMB (ψ; the lensing potential). The second is the photometric redshift survey by the LSST which provides the information of the galaxy clustering (g) and the galaxy weak lensing (γ; the lensing shear). The third is the spectroscopic redshift survey by the Euclid which provides the 3-dimensional galaxy power spectrum (g 3D ). We use these projects as our fiducial survey models and the survey parameters are summarized in Table 4 .
Results
We here present the results of our forecasts for the cosmological parameters illustrating the breaking of the parameter degeneracies by combining the various observables. Figures 1 and 2 show the projected 1-σ confidence limit (CL) contours on each parameter plane for, respectively, the normal and inverted mass hierarchy scenarios with the lightest neutrino mass m ν,min = 0.01 eV. These panels compare the constraints for four cases ; 1) "CMB + γ" combines the CMB and galaxy weak lensing observables. 2) "CMB + g" combines the CMB and galaxy clustering observables. 3) "CMB + g + γ" combines the CMB, galaxy weak lensing and galaxy clustering observables. 4) "CMB + g + γ + g 3D " combines the CMB, galaxy clustering, galaxy weak lensing observables plus the 3-dimensional galaxy power spectrum. We adopt the Planck for the CMB, the LSST for the galaxy weak lensing and the photometric galaxy redshift survey, and the Euclid for the spectroscopic galaxy redshift survey. We take into account all the autoand cross-correlations among these observables. Table 5 summarizes the projected 1-σ error of each parameter for the normal and inverted mass hierarchy scenarios for a few representative lightest neutrino masses m ν,min = 10 −4 and 0.01 and 0.05 eV 7 . A big advantage of adding the redshift survey to the CMB observables is the breaking of the angular diameter distance degeneracies [86] . For the photometric redshift surveys, for instance, the galaxy weak lensing information is helpful in breaking the m ν -w degeneracy [12] . (This m ν -w degeneracy arises indirectly from the degeneracy between w-Ω Λ and that between m ν -Ω Λ . w and Ω Λ are degenerate in affecting the late time Hubble expansion rate, while m ν and Ω Λ (or equivalently Ω m ) are degenerate affecting the matter power spectrum suppression scale.) The lensing weight W ℓ,i (r) (Eq. (3.6)) is sensitive to the dark energy parameters, Ω Λ and w, because the distance-redshift relation r = dz/H(z) is affected by the dark energy properties. Hence adding the galaxy weak lensing information helps to constrain the dark energy parameters and it consequently improves the neutrino mass constraints (even though the light neutrinos of our interest would not directly affect the the late time Hubble expansion rate). In particular, the tomographic survey gives an additional handle on the distance-redshift relation due to the different redshift dependence of W ℓ,i (r) for each redshift bin, which further helps in breaking the w-Ω Λ degeneracy.
While the neutrino masses are already tightly constrained from the angular power spectra including the CMB and photometric redshift survey data with all the cross correlations taken into account, we found adding the three-dimensional galaxy power spectrum P g (k) still helps in further improving the neutrino mass determination by as Figure 1 . The projected 1-σ (68%) CL areas on each parameter plane for the normal mass hierarchy scenario with the lightest neutrino mass m ν,min = 0.01 eV. We compare the four combinations of the observables from the Planck (T, E, ψ), LSST (g, γ) and Euclid (g 3D ); 1) (blue) CMB and galaxy weak lensing (T, E, ψ, γ), 2) (green) CMB and galaxy clustering (T, E, ψ, g), 3) (magenta) CMB, galaxy clustering and weak lensing (T, E, ψ, g, γ), and 4) (cyan) CMB, galaxy clustering, weak lensing and 3-dimensional galaxy power spectrum (T, E, ψ, g, γ, g 3D ).
much as 20-40 % depending on the neutrino mass structure as shown in Table 5 . This improvement stems from the reduction of the galaxy bias uncertainty by cross correlating the different observables [11, 73, 88] . From the transverse mode information in the 2-dimensional angular correlations, the galaxy bias can be inferred from the ratios of the galaxy power spectrum (dependent on the bias squared), the lensing shear power (independent of the bias) and their cross correlation (linearly dependent on the bias), because they have the different dependence on the bias. Adding the 3-dimensional galaxy power spectrum P g (k) with the redshift space distortion to the 2-dimensional angular power spectra C l further reduces, in addition to adding more modes, the uncertainties in the galaxy bias from the comparison of the clustering along the transverse and the line of sight directions because the bias affects only the density growth not the velocity growth along the line of sight. Combining these different probes on the galaxy bias would lead to a better handle on the determination of the galaxy bias and consequently a better measurement of the other cosmological parameters which suffer from the degeneracies with the galaxy bias. For instance, the resultant improvement in estimating the growth rate results in the better estimation of the equation of state parameter w [85] , and hence the degeneracy between m ν and w can be broken to improve the neutrino mass constraint.
In Figure 3 , we show the projected 1-σ CL contours on the f ν -b 0 and f ν -b 1 planes, i.e. the degeneracies between the effects of non-relativistic neutrinos and the galaxy biasing parameters. Although the galaxy biasing parameters have strong degeneracies with f ν , the combination of the multiple observables with the different dependence on the bias parameters indeed helps breaking the degeneracies with the galaxy bias. The observables such as the CMB and the galaxy weak lensing (γ) which are not directly affected by the galaxy bias are also useful for the improvement on the bias estimations because they induce the cross correlations with the observables directly affected by the bias. Figure 4 shows the predicted uncertainties in m ν as a function of the lightest neutrino mass m ν,min . We should note that the mass splittings are fixed to be consistent with the oscillation data whose values are given by Eq. (1.1). Our future cosmolog- Inverted hierarchy: Table 5 . The projected 1-σ (68%) CL error of each parameter for the the normal (Top) and inverted (Bottom) mass hierarchy scenarios with the lightest neutrino masses of m ν,min = 0.05, 0.01 and 10 −4 eV. The first three rows respectively list the constraints from only the CMB(T, E, ψ), the galaxy weak lensing (γ) and the galaxy clustering (g). The next four rows represent the results with different combinations of the observables. The last raw combines all the CMB, the galaxy weak lensing, the galaxy clustering observables and the 3-dimensional galaxy power spectrum (CMB + g + γ + g 3D (spec-z)). and Euclid (g 3D ); 1) the galaxy clustering alone (red), 2) the galaxy clustering and the galaxy weak lensing (purple), 3) the galaxy clustering and CMB (green), 4) the galaxy clustering, the galaxy weak lensing and the CMB (magenta), 5) the galaxy clustering, the galaxy lensing, CMB and the three-dimensional galaxy power spectrum (cyan).
ical observables we have been discussing can probe the sum of neutrino masses and still would not be sensitive enough to differentiate each neutrino mass. Even though the neutrino effects on the cosmological observables become bigger and hence a bigger total neutrino mass results in the smaller parameter uncertainties, the distinction between the normal and inverted mass patterns becomes harder for a sufficiently large m ν,min leading to the quasi-degenerate mass spectra m 1 ∼ m 2 ∼ m 3 . On the other hand, the smaller neutrino mass leads to the smaller effects on the matter power and consequently results in the bigger uncertainties in the parameter estimations. We fortunately find that the neutrino mass splitting values provided by the current oscillation data give a big enough sum of the neutrino masses, even with the lightest neutrino species being massless, for the forthcoming cosmological experiments to be capable of distinguishing between the normal and inverted mass patterns with the predicted one-sigma uncertainties taken into account. . (1.1) ). The filled curves represent the 1-σ CL regions estimated by combining all the observables (T , E, ψ, g, γ and g 3D ), and we assume Planck for the CMB, LSST for the galaxy clustering and the galaxy weak lensing observables, and Euclid for the 3-dimensional galaxy power spectrum.
Our analysis can claim that the measurement of m ν from the combination of the future cosmological observations can distinguish between the normal and inverted mass hierarchy scenarios for m ν,min 0.005 eV without the overlap in the error bars. The relative difference between the normal and inverted mass spectrum becomes smaller for m ν,min 0.005 eV with the overlapped error bars in m ν , and it would become harder to cosmologically distinguish the two where the mass spectra would eventually be rather interpreted, for a sufficiently large m ν,min , as the quasi-degenerate mass spectrum m ν 1 ∼ m ν 2 ∼ m ν 3 within the predicted uncertainties. The constraint on the total neutrino mass saturates for m ν,min 0.001 eV where the contribution of the lightest neutrino mass to the total mass becomes negligible.
We can also obtain further information on the neutrino properties by combining the cosmological data with those from other neutrino experiments such as the neutrino double beta decay whose observables have the different dependence on the minimal neutrino mass or neutrino mass structure [3] . For a common value of m ν,min , m ν is bigger for the inverted mass spectrum than for the normal mass spectrum. The neutrino effects on the large-scale structures or the matter power spectrum hence generally appear more clearly for the inverted mass hierarchy, which offers tighter constraints, in particular, on the density parameter of cold dark matter Ω c h 2 , the fraction of the massive neutrinos f ν , and the effective number of the radiative components N eff . We The dashed-curves represent the constraints from the CMB, the galaxy clustering and the galaxy weak lensing observables, whereas the filled-areas represent the constraints from the CMB, the galaxy clustering, the galaxy weak lensing observables and the 3-dimensional galaxy power spectrum from the spectroscopic redshift survey. The different colors show the different number of the photometric redshift bins; N ph =3 (red), 5 (blue) and 8 (green), respectively. The number of the redshift bins of the spectroscopic galaxy redshift survey is fixed to be N sp = 10 for all cases.
also note that the inverted (as well as the normal) mass hierarchy scenario can be excluded or inconsistent with the cosmological observations if we do not observe the effects of the massive neutrinos for m ν below the values given by the lower boundary of the (blue (red) shaded) 1-σ region in Figure 4 .
Discussion and conclusion
Although we so far presented our results with the concrete fiducial experiment setups, we now study how the neutrino parameter estimations would change if we change the survey specifications. For an illustration purpose, we here compare the different photometric redshift survey specifications, firstly by changing the redshift bin numbers of the fiducial LSST survey and secondly by considering, instead of the future LSST survey, the on-going photometric redshift surveys: DES and HSC.
While our fiducial survey model assumed the number of redshift bins for the photometric redshift survey to be N ph = 5, the number of redshift bins is one of the key components in the survey strategy affecting the constraints on the cosmological parameters. We hence here briefly discuss how the parameter estimation can be affected The dashed-curves represent the constraints from the combination of the CMB, the galaxy clustering and the galaxy weak lensing observables, whereas the filled-areas represent the constraints from the CMB, the galaxy clustering, the galaxy weak lensing and the 3-dimensional galaxy power spectrum. The different colors represent the different photometric redshift surveys; DES (red), HSC (blue) and LSST (green), respectively, and we assume Planck for CMB and Euclid for the spectroscopic galaxy redshift survey for all cases.
by varying the number of the photometric redshift bins N ph . We assume the same number of the redshift bins for the galaxy clustering and the galaxy weak lensing observables, N ph = N ph g = N ph γ , for simplicity. Figure 5 shows the results on the f ν -N eff plane for the different number of the photometric redshift bins, N ph =3, 5 and 8. We compare two cases for each number of N ph ; one is the combination of the Planck and the LSST surveys, and the other is the combination of the Planck, the LSST and the Euclid surveys. The number of redshift bins for the spectroscopic survey is fixed to be N sp = 10 and the lightest neutrino mass m ν,min = 0.01 eV was used for all cases. The normal mass hierarchy scenario benefits more from the increase in the number of redshift bins, whereas the results for the inverted hierarchy are saturated around N ph = 5-8. This is partly because the cosmological observables are sensitive to the total neutrino mass and the normal mass spectrum leads to the smaller sum of the neutrino masses than the inverted one for a common value of the lightest neutrino mass.
The next comparison we will make here is for the different photometric redshift surveys to see their effects on the the neutrino property estimations. Even though we so far focused on the photometric redshift survey by the LSST as an ultimate survey in the next decade, the forecasts from the on-going experiments would be of great interest and we here investigate how the neutrino properties can be constrained by the DES and HSC surveys. The survey parameters for the DES and HSC are shown in Table 2 . Figure 7 . The dependence of the projected 1σ error of the neutrino parameter on the maximum wave-number k max for the spectroscopic galaxy redshift survey, and the maximum multipole moment ℓ LSS max for the photometric redshift surveys. The color bars represent the projected 1-σ constraint on the effective number σ(N eff ) (Top) and the total neutrino mass σ( m ν ) (Bottom) for the normal (Left) and inverted (Left) mass hierarchies with the lightest neutrino mass of m ν,min = 0.01 eV. We put the constraint on each parameter from the combination of the Planck, LSST and Euclid surveys (CMB + g + γ + g 3D ) and the maximum multipole moment for the CMB observables is fixed to be ℓ max = 3000. Figure 6 shows the comparison on the f ν -N eff plane for both the normal and inverted mass hierarchies with m ν,min = 0.01 eV. Analogously to Figure 5 , we show two kinds of constraints for the combination of the observables; one is for the combination of the Planck and the LSST surveys, and the other is for the combination of the Planck and the LSST surveys plus the spectroscopic redshift survey by the Euclid. The constraints on the neutrino parameters from the DES and HSC surveys are comparable, whereas those from the LSST survey are much tighter. The differences of constraints between the DES and HSC surveys come from the depth of the observing redshift range and the survey area, and the DES survey is slightly superior to the HSC survey for the constraints on the neutrino properties in this case. For the total neutrino mass, the DES and HSC surveys can potentially achieve σ( m ν ) ∼0.03 eV in our example, even though the LSST can reduce the neutrino mass uncertainties by as much as 50% for the normal hierarchy and even more for the inverted hierarchy by a factor 2.
Before concluding our discussions, let us lastly point out that we conservatively restricted our analysis to the linear regime with the corresponding choice for ℓ max and k max . The inclusion of more modes covering the bigger ℓ max and k max would be of particular interest for the neutrinos sensitive to the small scale structures. We conservatively chose the relatively small values for ℓ max and k max to avoid taking account of the non-Gaussian error estimation at the non-linear scales, even though we could have chosen larger values for higher redshift bins as discussed in Sec. 4 .
For an illustration purpose, we try extending our linear analysis to the smaller scales to see how the constraints are influenced under the assumption of the Gaussian error estimation, though the results may over/under predict the constraints due to the lack of the non-Gaussian error estimation [89, 90] . The estimation of the matter power spectrum at the non-linear scales may also affect the constraints of the neutrino properties and we refer the readers to, for instance, Ref. [55, 91] for the more appropriate treatments including the non-linearities in existence of the light neutrino species. We show the k max and ℓ max dependence of the uncertainties in the effective number of neutrinos and the total neutrino mass parameters in Figure 7 which assumes the data from the CMB, galaxy clustering, galaxy weak lensing observables and the 3-dimensional galaxy power spectrum with the Planck, LSST and Euclid. We use the same value ℓ LSS max for the maximum multipole of the galaxy clustering and the galaxy weak lensing observables for comparison purposes, and the maximum multipole of the CMB observables is fixed to be ℓ CMB max = 3000. The fiducial model is the normal or inverted mass hierarchy scenario with the lightest neutrino mass m ν,min = 0.01 eV.
The constraint on N eff mainly comes from the large-scales via the shift in the turn-over scale of the matter power spectrum, but the information from the smallscales helps to break the degeneracy with other cosmological parameters. Compared with the inverted mass hierarchy, the normal mass hierarchy leads to the smaller total neutrino mass, and consequently the degeneracies with other parameters are stronger. For the constraints on m ν , the difference between the normal and inverted mass hierarchies is not as large as that on N eff , even though the saturation scale of k max for the normal mass hierarchy is slightly larger than the inverted mass hierarchy. We note that the uncertainty for m ν saturates at the order of σ(Ω m h 2 ) because of the degeneracy between m ν and Ω m h 2 .
We studied how much the constraints on the neutrino properties are improved by combining the various observables from the next-generation cosmological surveys with the cross-correlations taken into account among those observables. We in particular studied, for the fiducial neutrino models, the normal and inverted mass hierarchy scenarios consisting of three neutrino species where the neutrino mass splittings are fixed to those values obtained by the neutrino oscillation measurements and the only free neutrino mass parameter hence is the minimal neutrino mass. We also studied how the cosmological parameter errors are affected by the different choices of a minimal neutrino mass value. For the reference cosmological surveys, the Planck CMB, LSST photometric redshift survey and Euclid spectroscopic redshift survey are assumed, where the forecasted uncertainties in the neutrinos were found to be in the range σ( m ν ) ∼ 0.015-0.025 eV and σ(N eff ) ∼ 0.03. We also estimated the projected cosmological errors assuming the on-going photometric galaxy surveys such as the DES and HSC to compare with the LSST, and we found the neutrino mass uncertainties increase by as much as a factor 2.
The merits of adding the spectroscopic redshift survey information with the redshift space distortion to the two dimensional observables including the CMB lensing and galaxy weak lensing survey were emphasized to break the degeneracies among the parameters, such as those between the neutrino and dark energy parameters. A better handle on the galaxy bias was argued to be responsible for the improvement in the parameter estimation, and, in particular, the improvement for the neutrino mass estimation amounts to 20 − 40% depending on the neutrino mass hierarchical structure. The power of the future cosmological observables to distinguish between the normal and inverted neutrino mass hierarchy scenarios was also quantified. We found the measurement of the total neutrino mass can well distinguish between the normal and inverted mass hierarchy scenarios for m ν,min 0.005 eV. We restricted our analysis to the linear regime and extending our analysis to a smaller scale in principle can potentially reduce the projected errors. The outcome would however heavily depend on the treatment of non-linearities, and the more proper treatment including for instance the non-Gaussian covariance would be necessary to probe those smaller scales.
Finally, we should note the accuracy of the Fisher matrix analysis for the constraint on neutrino masses. Especially for small neutrino masses, the constraint by the Fisher matrix analysis might not be completely accurate because the assumption of the Gaussian posterior could be no longer valid, e.g., [9, 22, 31, 35] . The potential quantitative differences between the Fisher matrix and the Monte Carlo Markov Chain (MCMC) approaches for constraining the neutrinos from the CMB observation are presented, for instance, in [9, 31] , and we leave the the analysis with the MCMC approach and its comparison with that using the Fisher analysis for our future work.
The neutrino properties in combination of other experiments besides the cosmological observables such as the accelerator neutrinos and neutrinoless double beta decay experiments would certainly deserve the further studies as a unique window to the physics beyond the Standard Model.
